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(112-408) and in vitro translated **S-labeled p73qx, p734,
p73x(1-548) or p53. GST alone was employed as a
negative control. As shown in Figure Ic, radio-labeled
p73 was pulled down by GST-RanBPM(112-408) but
not by GST alone. However, p738 and p73a(1-548),
which lack the extreme COOH-terminal portion of
p73x, were no longer able to interact with GST-
RanBPM(112-408). In addition, p53 failed to bind to
GST-RanBPM(112-408). In good agreement with the
yeast two-hybrid results, these observations suggest that
the extreme COOH-terminal portion of p73x is respon-
sible for the physical interaction with RanBPM. Next,
we performed co-immunoprecipitation experiments to
confirm their interaction in cells. To this end, cell lysates
prepared from COS7 cells co-transfected with HA-
tagged p73x and FLAG-tagged full-length RanBPM
were immunoprecipitated with anti-p73 or anti-FLAG
antibody, followed by immunoblotting with anti-FLAG
or anti-HA antibody, respectively. As shown in
Figure 1d, HA-p73x co-immunoprecipitated with
FLAG-RanBPM. Under our experimental conditions,
HA-p73a(1-427) and HA-p73x(1-247) did not co-
immunoprecipitate with FLAG-RanBPM (Figure le).
In contrast to full-length p73x«, the anti-p53 immuno-
precipitates did not contain FLAG-RanBPM
(Figure If). Taken together, our results suggest that
RanBPM has an ability to interact with p73a but not
with p53 in mammalian cultured cells, ‘

Previous immunostaining studies have shown that
p73a is exclusively localized in cell nucleus (Yost ez al.,
1997), while RanBPM could distribute to the cell
nucleus, perinuclear region and cytoplasm (Nishitani
et al, 2001; Umeda et al, 2003). To exariine the
subcellular localization of RanBPM in the presence or
absence of p73a, COS7 cells were transfected with the
indicated expression plasmids, and the indirect immu-
nofluorescent staining was performed. As shown in
Figure 2a and b, FLAG-RanBPM and HA-p73x were
detected largely in the cytoplasm and cell nucleus,
respectively. Of note, when FALG-RanBPM was co-
expressed with HA-p73a, a fraction of FLAG-RanBPM
translocated into cell nucleus, and co-localized with
nuclear HA-p73« (Figure 2c—). To confirm this issue,
transfected COS7 cells were fractionated into muclear
and cytoplasmic fractions, and their subcellular locali-
zations were analysed by immunoblotting. The purity of
the nuclear and cytoplasmic fractions was examined by
immunoblotting with anti-Lamin B and anti-a-tubulin
antibody, respectively. Consistent with the indirect
immunofluorescent staining, co-expression of FLAG-
RanBPM with HA-p73x resulted in a significant nuclear
accumulation of FLAG-RanBPM, whereas FLAG-
RanBPM alone was detected in the cytoplasmic fraction
(Figure 2f). In addition, the amounts of nuclear HA-
p73x seemed to be increased in the presence of FLAG-
RanBPM. It is thus likely that RanBPM interacts with
p73e in cell nucleus,-and could affect the stability of
p73a.

To test whether RanBPM could affect the stability of
p73x, COS7 cells were co-transfected with the constant
amount of HA-p73a together with or without the

Oncogene

HA-pT3a
c d e

* FLAG-RanBPM

HA-p73a .

AG-RanBPM Merge
N € N C
=™ e 4| <+ FLAG-RanBPM
B:ant-p73 | i | = HA-p73c
B:AntkLamin 8 |@)-— @) @ |~ Leming

1B: Anti--Tubulin [ L. P — ”I ~4- p-Tubulin

f N_C

IB: Anti-FLAG

FLAG-RanBPM = = + + + +
HA-p7 30 + + - + <+

Figure 2 Subcellular distribution of RanBPM in the presence of
p73. (a—=) Nuclear co-localization of p73x and RanBPM by
immunofluorescence. COS7 cells were transfected with FLAG-
RanBPM {(a), HA-p73z (b) or FLAG-RanBPM and HA-p73a
(c—e). At 48 h after transfection, cells were fixed in 20% methanol
and incubated with anti-FLAG (red) and anti-HA antibody (green)
{Medical and Biological Laboratories, Nagoya, Japan), followed
by the incubation with the rhodamine- and FITC-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories},
respectively. Cells were then examined under a confocal scanning
laser microscope. The merged images of the two signals are
displayed in yellow (e). (f) Fractionation of COS7 cell extracts.
COS7 cells were transfected with the indicated expression plasmids.
At 48h after transfection, cells were fractionated inte nuclear (N)
and cytoplasmic (C) fractions, and then analysed directly by
immunoblotting with anti-FLAG (first panel) or anti-p73 antibody
(second panel). The nuclear or cytoplasmic fraction was confirmed
by immunoblotting with anti-Lamin B (Ab-1, Oncogene Research
Products} (third panel) or anti-u-tubulin antibody (DM1A, Cell
Signaling Technology, Beverly, MA, USA) (fourth panel), respec-
tively

increasing amounts of FLAG-RanBPM. As shown in
Figute 3a, the amount of HA-p73z was markedly
increased in the presence of FLAG-RanBPM in a
dose-dependent manner, whereas the expression level
of p73x mRNA remained unchanged. On the other
hand, FLAG-RanBPM had no significant effect on the
levels of exogenous p53 (Figure 3b). Similar results were
also obtained in p53-deficient H1299 cells (data not
shown). We next sought to determine the half-life of
p73a in the presence of RanBPM. For this purpose,
COS7 cells were transfected with HA-p73a together with
or without FLAG-RanBPM. At 24 h after transfection,
cells were treated with cycloheximide. At the indicated
time periods, cell lysates were analysed for HA-p73a by
immunoblotting. In accordance with the previous
reports (Lee and La Thangue, 1999; Ohtsuka et al.,
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Figure 3 RanBPM increases the stability of p73 but not of p53. {a) RanBPM increases the amounts of p73ax. COS7 cells were co-
transfected with the constant amount of HA-p73a (0.5 pg) together with or without the increasing amounts of FLAG-RanBPM (0.5,
1.0 and 1.5 ug). The total amount of plasmid DNA was kept constant (2 ug) with pcDNA3J. At 48 h after transfection, cell lysates or
total RNA were prepared, and subjected to immunoblotting with the indicated antibodies (upper panels) or RT-PCR analysis (lower
panels). Immunoblotiing for actin (20-33, Sigma Chemical Co.) serves as a loading control. (b) RanBPM does not affect the amounts
of p53. COS7 cells were co-transfected with the indicated combinations of the expression plasmids, and were processed for
immunoblotting as described above. () RanBPM increases the half-life of p73x. COS7 cells were transfected with HA-p73x alone
(0.5ug) (left panels) or together with FLAG-RanBPM (1.5 pug) (right panels). At 24h post-transfection, cells were treated with
cycloheximide (100 xg/ml) and harvested at the indicated time periods. Cell lysates were used for immunoblotting with the indicated
antibodies. The intensity of the bands was quantified by using densitometry, (d) RanBPM inhibits the ubiquitination of p73«. COS7
cells were co-transfected with the constant amount of HA-p73x (0.5 ug) and His-tagged ubiquitin (Ub) (0.5 pg), together with or
without the increasing amounts of FLAG-RanBPM (0.5, 1.0 and 1.5 xg). At 24 h post-transfection, cells were treated with 20 uM MG-
132 for 6h before being harvested. His-tagged ubiquitin-containing protein complexes were pulled down with Ni**-agarose beads
{(QIAGEN, Valencia, CA, USA), and subsequently resolved by 10% SDS-polyacrylamide gel electrophoresis, followed by

immunoblotting with anti-p73 antibody

2003), ectopically expressed p73« had a half-life of less As described (Balint ef al., 1999), the stability of p73 is
than 4h, whereas the degradation rate of HA-p73a was  regulated at least in part through the ubiquitin-
slower in FLAG-RanBPM-expressing cells (Figure 3c).  proteasome pathway. These observations prompted us
Thus, it is likely that the RanBPM-dependent stabiliza-  to determine whether RanBPM could prevent the
tion of p73« is attributed to the clear increase in the half-  ubiquitination of p73. COS7 cells were transfected with
life of p73«. HA-p73a- and His-tagged ubiquitin, or in combination
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with the increasing amounts of FLAG-RanBPM. At
24 h after transfection, cells were treated with MG-132
for 6h. His-ubiquitinated proteins were purified by
Ni**-agarose beads, and then analysed by immunoblot-
ting with the anti-p73 antibody. As shown in Figure 3d,
the slower migrating ubiquitinated forms of p73a were
detectable in the absence of FLAG-RanBPM. Intrigu-
ingly, the ubiquitination levels of p73x were significantly
reduced in cells expressing FLAG-RanBPM, suggesting
that RanBPM stabilizes p73a by inhibiting its ubiqui-
tination,

To determine whether RanBPM could affect the
transcriptional activity of p73xz, HI1299 cells were
transiently transfected with a constant amount of the
expression plasmid for HA-p73u, together with the p53/
p73-respomsive p21*" or MDM?2 luciferase reporter
constructs in the presence or absence of increasing
amounts of the FLAG-RanBPM expression plasmid. As
shown in Figure 4a, expression of FLAG-RanBPM
enhanced the ability of p73a to transactivate the p21%4
and MDM?2 promoters in a dose-dependent manner. To
extend the functional significance of their interaction, we
examined the possible effect of RanBPM on the p73a-
mediated apoptosis. H1299 cells were transfected with
HA-p73¢, FLAG-RanBPM, or HA-p73x and FLAG-
RanBPM. The f-galactosidase was used as a marker to
visualize the transfected cells. At 48 h post transfection,
the number of §-galactosidase-positive cells was scored.
As shown in Figure 4b, the number of 8-galactosidase-
positive cells expressing FLAG-RanBPM was similar to
that detected in the empty plasmid-transfected cells.
Consistent with the previous report (Watanabe et al.,
2002), expression of HA-p73x resulted in a clear
decrease in the number of §-galactosidase-positive cells.
Of note, co-expression of HA-p73a with FLAG-
RanBPM significantly reduced the number of p-galac-
tosidase-positive cells as compared with that observed in
cells expressing HA-p73x alone. In addition, we
performed a colony formation assay. H1299 cells were
transfected with HA-p73z, FLAG-RanBPM or HA-
p73a plus FLAG-RanBPM, and the transfected cells
were selected in the presence of G418. After 2 weeks of
selection, drug-resistant colonies were fixed and stained
with Giemsa’s solution. In accordance with the B-
galactosidase assay, FLAG-RanBPM expression did not
affect the colony formation as compared with the empty
plasmid-transfected control, whereas co-expression of
HA-p73a with FLAG-RanBPM reduced the colony
formation even more efficiently than HA-p73x alone
(Figure 4c). Considering that p73u« efficiently induced
apoptosis in H1299 cells (Di Como et al., 1999: Zeng
et al, 1999), these results suggest that RanBPM
increases the proapoptotic activity of p73x. To further
confirm this issue, H1299 cells were transiently trans-
fected with a constant amount of the GFP expression
plasmid along with the indicated combinations of the
expression plasmids. At 48h after transfection, trans-
fected cells were identified by fluorescence microscopy
for the appearance of green fluorescence, and the
number of GFP-positive cells with condensed and
fragmented nuclei was counted. As shown in Figure 4d,
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co-expression of HA-p73¢ with FLAG-RanBPM in-
creased the number of apoptotic cells as compared with
that resulting from expression of HA-p73« alone. Taken
together, our present results strongly suggest that
RanBPM-mediated stabilization of p73x is critical for
its effects on transcriptional activation as well as
apoptosis.

- Recently, it has been shown that a variety of cellular
proteins could interact with RanBPM, including MET,
androgen receptor, HIPK2, USP11, Twal, calbindin
D28K and p75NTR, suggesting that RanBPM is involved
in diverse biological processes (Ideguchi et al., 2002;
Rao et al, 2002; Wang D et al,, 2002; Wang Y et al,
2002; Bai et al., 2003; Lutz et al, 2003; Umeda et /.,
2003). In the present study, we demonstrated that
RanBPM increased the stability of p73« by reducing
its ubiquitination levels. An important question raised
by our results is how RanBPM stabilize p73a. Intrigu-
ingly, Ideguchi et al. (2002) described that RanBPM is
associated with the deubiguitination enzyme USP1 1,
which belongs to the ubiquitin hydrolase family.
Considering that pS3 is stabilized by direct deubiquiti-
nation by the deubiquitination enzyme HAUSP (Li
et al., 2002), it is likely that RanBPM could bind to
USP1l and promote deubiquitination of p73z by
recruiting USP11 to p73«; however, further studies will
be required to determine this issue.

Alternatively, Lee and La Thangue (1999) found that
p73p is much more stable than p73a, suggesting that the
unique COOH-terminal portion of p73a might be
critical for degradation by the ubiquitin—proteasome
system. According to our present results, RanBPM
bound to p73« through its extreme COOH-terminal
region, whereas it failed to interact with p738. Thus, it is
plausible that RanBPM might increase the steady-state
levels of p73a by masking p73« COOH-terminal lysine
residues, which could be the sites for ubiquitin ligation,
and/or disrupting the interaction of p73« with unknown
proteins required for ubiquitination-mediated proteoly-
sis. These possibilities are currently under investigation.
Elucidation of the detailed molecular mechanism under-
lying the RanBPM-dependent stabilization of p73ux
would be necessary for better understanding of p73
turnover,

Another finding of the present study is that, under our
experimental conditions, cytoplasmic RanBPM became
nuclear in the presence of p73u overexpression. Given
that RanBPM is localized in both the cytoplasm and
nucleus (Nakamura et af., 1998; Nishitani et af., 2001), it
is probable that p73x might have an ability to promote
nuclear translocation of RanBPM through the physical
interaction between them. As described previously, wild-
type p53 is predominantly localized in the cytoplasm of
many neuroblastoma cells (Moll et al., 1996). The
abnormal cytoplasmic distribution of p53 might be
attributed at least in part to the interaction with Parc,
which acts as a cytoplasmic anchor protein for p53
(Nikolaev er al, 2003). Interestingly, Goldschneider
et al. (2004) found that enforced expression of p73« in
neuroblastoma-derived SH-SYSY cells significantly en-
hances the nuclear accumuiation of wild-type p53 and
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Figure 4 RanBPM enhances p73 function. (&) RanBPM enhances the transcriptional activity of p73a. p53-deficient H1299 cells were
co-transfected with 25 ng of the expression plasmid for HA-p73x together with 100 ng of p53/p73-responsive p2I**" (left panel) or
MDM2 (right panel) luciferase reporter construct, and 10 ng of the Renilla luciferase plasmid (pRL-TK, Promega Corp., Madison, W1,
USA), in the presence or absence of increasing amounts of the FLAG-RanBPM expression plasmid (25, 50, or 100 ng). At 48h after
transfection, cells were lysed and their luciferase activities were measured. Firefly luminescence signal was normalized based on the
Renilla luminescence signal. (b) RanBPM stimulates the p73«-mediated growth suppression. H1299 cells were co-transfected with the
indicated combinations of the expression plasmid together with the constant amount of the expression plasmid for f-galactosidase
(125ng) (pCH110, Amersham Pharmacia Biotech). At 48h after transfection, transfected cells were identified by staining with 5-
bromo-4-chloro-3-indolyl-8-D-galactopyranoside (X-gal). The relative percentage of f-gal-positive cells represents the ratio of the
number of B-gal-positive cells to that of those transfected with pcDNA3 alone. (¢) Colony formation assay. H1299 cells were
transfected with HA-p73« (200 ng), FLAG-RanBPM (750 ng) or HA-p73x (200 ng) plus FLAG-RanBPM (750 ng). Total amount of
plasmid DNA was kept constant (1 pg) with pcDNA3, and pcDNA3J alone was used as a negative control. At 2 days after transfection,
cells were selected with G418 (400 pg/ml) for 2 weeks. G418-resistant colonies were fixed in methanol, and stained with Giemsa’s
solution. Representative dishes of three independent experiments are shown. (d) RanBPM enhances the p73z-mediated apoptosis.
HI1299 cells transfected with 0.2 ug of the GFP expression plasmid and 0.5 g of the HA-p73x expression plasmid together with or
without 1.5 g of the FLAG-RanBPM expression plasmid. At 48 h after transfection, transfected cells were identified by the presence of
green fluorescence. Cell nucleus was stained with DAPI to reveal nuclear condensation and fragmentation. The number of GFP-

positive cells with apoptotic nuclei was scored
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restores its function, indicating that p73« displaces p53
from the cytoplasmic complex containing Parc. It is thus
likely that p73a could modulate cellular proteins/path-
ways that specifically regulate nuclear import and export
of RanBPM. Since RanBPM is associated with a variety
of nuclear proteins, p73a might play a critical role in
regulating nuclear function of RanBPM.
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Neuroblastoma (NBL), one of the most common child-
hood solid tumors, has a distinct nature in different
prognostic subgroups: NBL in patients under I year of age
usually regresses spontaneously, whereas that in patients
over 1 year of age often grows aggressively and eventnally
kills the patient. To understand the molecular mechanism
of biology and tumerigenesis of NBL, we decided to
perform a comprehensive approach to unveil the gene
expression profiles among the NBL subsets. We con-
structed the subset-specific oligo-capping cDNA libraries
from the primary NBL tissues with faverable (F: stage 1,
high expression of TrkA and a single copy of MYCN) and
unfavorable (UF: stage 3 or 4, decreased expression of
TrkA and MYCN amplification) characteristics and
randomly cloned 4654 ¢DNAs. Among 4243 cDNAs
sequenced successfully, 1799 (42.4%) were the genes with
unknown function. Excluding the housekeeping genes, an
expression profile of each subset was extremely different.
To determine the genes expressed differentially between F
and UF subsets, we performed semiquantitative reverse
transcriptase (RT)-PCR for each of the 1842 independent
genes using RNA obtained from 16 F and 16 UF NBLs as
template. This revealed that 278 genes were highly
expressed in the F subset as compared to the UF one,
while, surprisingly, only 27 genes were expressed at higher
levels in the UF rather than the F subset. These
differentially expressed genes included 194 genes with
unknown function. Many of the genes expressed at high
levels in the F subset were related to catecholamine
biosynthesis, small GTPases, synapse formation, synaptic
vesicle transport, and transcription factors regulating
differentiation of the neural crest-derived cells. On the
other hand, the genes expressed at high levels in the UF
subset included transcription factors and/or receptors that
might regulate neuronal growth and differentiation. The
chromosomal mapping of those genes showed some
clusters. Thus, our mass-identification and characteriza-
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tion of the differentially expressed genes between the
subsets may become a powerful tool for finding the
important genes of NBL as well as developing new
diagnostic and therapeutic strategies against aggressive
NBL.
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Introduction

Neuroblastoma (NBL) is a pediatric cancer originating
from sympathoadrenal lineage of the neural crest.
However, its clinical behavior is enigmatic. It often
regresses spontancously when the tumor occurs in
patients less than 1 year of age, while it is usually
aggressive when it occurs in those over 1 year of age
(Brodeur and Nakagawara, 1992). Accumulating evi-
dence suggests that the NBL regression is at least in part
regulated by developmentally programmed neuronal cell
death (PNCD) and/or neuronal differentiation that are
similar to the phenomena occurring in normal sympa-
thetic neurons during their development. In contrast,
aggressive NBLs continue to grow with enhanced
invasiveness and metastasis to the specific regions such
as bones and distant lymph nodes.

‘The recent advances in NBL research have revealed
cytogenetic as well as molecular biological bases of this
tumor. NBLs in advanced stages often possess a
frequent Joss of the distal part of the short arm of
chromosome 1 (lp), amplification of the MYCN
oncogene and gain of chromosome 17q (Brodeur et al,
1984; Caron ef al., 1995). These genetic aberrations are
also good prognostic markers. On the other hand, the
recent studies have revealed that the biology of NBL is
strongly regulated by neurotrophins and their receptors,
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which is similar to the control of growth, differentiation
and programmed cell death in the neural crest-derived
cells during the development (Anderson and Axel, 1985;
Nakagawara, 1998). TRK-A, a high-affinity receptor for
nerve growth factor (NGF), has been shown to be
expressed in NBLs with favorable prognosis and
probably regulate the differentiation and/or regression
of the tumor (Nakagawara et al., 1993). In contrast,
TRK-B, encoding a receptor for brain-derived neuro-
trophic factor and neurotrophin-4/5, is frequently
expressed in the tumors with MYCN amplification,
which promotes cell survival and increases the invasive
ability (Nakagawara ez al, 1994; Matsumoto et al.,
1995). Moreover, signaling from the GDNF family and
their receptors, Ret and GFRa, appear to play an
important role in regulating differentiation of NBL cells
(Hishiki et al.,, 1998). The other neurotrophic factors,
pleiotrophin (PTN) and midkine (MK), are also
differentially expressed in different subsets of primary
NBL (Nakagawara et al, 1995). However, those
cytogenetic and biological markers are still not always
enough to predict the prognosis in certain populations
of NBL patients.

To understand the molecular mechanism of genesis
and biology of NBL as well as to develop novel
diagnostic and therapeutic tools, we have cloned a large
number of genes expressed in each subset of primary
NBL by using full-length-enriched oligo-capping cDNA
libraries. In the present study, we have identified more
than 300 genes that are differentially expressed between
F and UF subsets, most of which were preferentially
expressed in favorable NBLs.

Results

Construction of oligo-capping neuroblastoma ¢eDNA
libraries and DNA sequencing

Figure 1 shows the scheme of our neuroblastoma cDNA
project. The oligo-capping cDNA libraries were con-
structed from three anonymous primary NBL tissues
with favorable characteristics (F: stage 1, high expres-
sion of Trk4 and a single copy of MYCN) and three
NBL tissues with unfavorable biology (UF: stage 3 or 4,
low expression of TrkA and amplification of MYCN).
Three cDNA library solutions in each group were mixed
before randomly picking up 2500 clones from each
mixture. Single-run sequencing from both ends of the
gene and homology search against the public databases
by BLAST program was then performed. We finished
sequencing of 2410 clones from the F-NBL library and
2244 clones from the UF-NBL library. The average
insert size in both libraries was approximately 2.5kb.
About 53 and 56% of clones were identical to known
genes in the F and the UF libraries, respectively. The
rest appeared to be novel genes with unknown
functions, which included those only hitting to human
expressed sequence tags (ESTs), high throughput
genome sequences (htgs) and nothing (Genbank release
122, Jan. 2001; Table 1).

Oncogene

Favorable NBL ' Unfavorable NBL
(Stage 14 2) * |(Stage 3& 4

( "aligo-capping™ ¢DNA libraries |
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{_sembquantitative RT-PCR__|-.._
4 3os A

Real-time RT-PCR by ABI TagMan
Northern analysis

Characterization
Expression analysis
(multiple tissue, ISH, IHC)

Physical mapping
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Into tha cells

IDifferentfaﬂy expressed gene —

Figure 1 Scheme for the strategy of the neuroblastoma cDNA
project. ISH, in situ hybridization, IHC, immunohistochemistry

Expression profile of the known genes in favorable and
unfavorable neuroblastomas

Table 2 shows the expression profile of the known genes
in F and UF NBL libraries. When the housekeeping
genes such as polypeptide chain elongation factor, protein
synthesis initiation factor and ribosomal proteins were
excluded, the nervous system-specific genes were fre-
quently listed up. They included a kinase regulator, 74-
3-3 epsilon, playing a role in neural development
(McConnell et al., 1995), P311 abundantly expressed
in neuronal cells (Studler et al., 1993), SCGI0 encoding
a neuronal growth-associated protein (Anderson and
Axel, 1985) and N-cadherin, a calcium-dependent cell-
cell adhesion glycoprotein (Hirano et al., 1987). The
gene frequently hit among these neuronal genes was 14-
3-3 epsilfon (9 times in the F library and 7 times in the
UF library). Clustering analysis using BLAST homol-
ogy scarch program found 1844 of gene groups and 1669
of these were in the F and the UF libraries, respectively.
Of these, only 110 gene groups were overlapped between
the two libraries, suggesting that the expression profile
was markedly different between both libraries. In the
UF library, the genes related to protein synthesis like
polypeptide chain elongation factor and protein synthesis
initiation factor were much more frequent as compared
to those in the F library (Table 2). Notable was a
frequency of the DEAD box motif gene DD X1 (69 clones
in the UF library) that appeared only once in the F
library. As the DDX] gene was closely linked to and
coamplified with the MYCN gene (Amler et al., 1996;
Noguchi er al., 1996), this expression pattern also
reflects the nature of the origins of libraries. However,
our preliminary study suggested that the difference of
the hit numbers of the genes did not necessarily reflect
their differential expression between both subsets.

Hdentification of the genes differentially expressed
between favorable and unfavorable neuroblastomas

To identify the genes expressed differentially between
the F and UF subsets, all independent clones except the
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Table 1 Results of homology search by BLASTN
Number of clones obrained
Jfrom the cDNA library
Favorable NBI, Unfavorable NBL
Human known genes 1060 ] 1129 (52.9%) 1175 ] 1184 (56.1%)
Known genes of other species 69 . . 9
ESTs 477 880 (41.2%) 436 919 (43.6%)
Human genome sequences 307 ' 285
No hit 96 198
Repeats (SINEs, LINEs) 125 [
Total 2134 2109
(2410 sequenced) (2244 sequenced)

housekeeping genes from both libraries were subjected
to semiquantitative RT-PCR analysis. The complemen-
tary DNA reverse-transcribed from total RNA obtained
from 16 F and 16 UF primary NBLs was used as the
PCR template after normalization with GAPDH (and
also with B-actin) expression (Figure 2, see Materials
and methods). In total, 1842 independent genes includ-
ing 1152 unknown genes and 690 known genes from
both libraries were surveyed. As a result, we found that
at least 305 (16.6%) genes displayed a distinct pattern of
differential expression (Table 3). Among the 305 genes,
278 (109 known and 169 unknown genes) were
expressed at higher levels in F than UF NBLs. On the
other hand, only 27 genes (two known and 25 unknown
genes) were found to be expressed at higher levels in UF
than F NBLs (Table 3). This RT-PCR screening was
repeated at least twice with each gene-specific primer set.
Figure 2 shows the representatives of the results of
differential screening by semiquantitative RT-PCR. The
expression patterns of DDX-1, TrkA4, TrkB and MYCN
as controls were similar to the previous reports,
indicating that our differential screening system using
RT-PCR was reliable.

Categorization of the differentially expressed genes

The NBL subset-related genes may include those
regulating neuronal growth, differentiation and apop-
tosis as well as those concerning generation and
progression of NBL. We classified the differentially
expressed genes into nine categories according to their
known functions as shown in Table 4. The genes
preferentially expressed in the F-subset showed an
interesting profile as follows. (a) Signaling molecules:
This group included certain protein kinases and protein
phosphatases, among which protein kinase C zeta
(PKCzeta) showed the most distinct F-subset-specific
expression pattern. A small GTPase, RAB6B and a
GTP-binding protein, RAB3C, functioning in the
synaptic vesicles were also found in this group. Three
members of dihydropyrimidinase-related genes (DRP-1,
-2, -3), which might be involved in axonal outgrowth
and pathfinding as a collapsin response mediator
(Hamajima et al., 1996), were also included. Among
these family members, DRP-2 showed the most typical
F-subset-specific expression. Furthermore, the genes
with neural function, like SCG10, stathmin-like-protein

RB’, neurexophilin, LIS] and doublecortin were in-
volved. SCG10 was first shown to be the gene induced in
neural crest cells when they differentiate into sympa-
thetic neurons and is also known to be a membrane-
associated, microtubule-destabilizing protein of neuro-
nal growth cones. Stathmin-like splicing variant RB’
gene is a family member of SCG10 and may have a
similar function. {t showed more distinct difference in its
expression pattern than SCG10. (b) Cell cycle-related
genes, PRCI (required for cytokinesis) and tyrosine
phosphatase CDC25B (required for entry into mitosis,
interacting with 14-3-3 proteins), were included. (c)
Cytoskeleton and adhesion molecules: There were some
members of the cadherin superfamily like protocadher-
ins alpha 9, beta 12 and gamma A8 (neural cell-cell
interaction), laminine alpha4 (neurite outgrowth), per-
ipherin (a type III intermediate filament protein in the
mammalian peripheral nervous system) and fibronectin
receptor beta subunit (cellcell connection). Among
these transcripts, the most distinct pattern of differential
expression was shown by peripherin. (d) Transcriptional
regulators: This group included homeodomain-contain-
ing transcription factors SHOX2 (short stature homeo-
box homolog of Drosophila, a member of paired-related
family), CUTL1 (Drosophila homeoprotein cut homo-
log), ZHX1 (zinc-fingers and homeodomain transcrip-
tion factor 1), chromatin-modifying molecules CHD2
and CHD4 (chromodomain " helicase DNA-binding
proteins), PHFI (polycomb-like}, MOZ (Monocytic
leukemia zinc-finger protein, a putative acetyltransfer-
ase), BAZ2B (containing a bromodomain and a PHD-
finger) and HIRIP3 (related to chromatin assembly). (e)
Protein synthesis, transport and turn over: There were
EXO70 and SECS5, Exocyst component proteins 70 and
107 kDa, specifically located at the sites of vesicle fusion
(required for exocytosis), proton-coupled divalent metal
ion transporters SLC11A3 and SLC25A13, and UbcH7
and Rsp5 (related to ubiquitin-proteasome protein
degradation system) in this group. (f) Metabolic
enzymes, homeostasis: Drosophila shaker-related potas-
sium voltage-gated channels KCNABI and KCNAB2
were found in this category. Catecholamine-related
genes, dopamine f-hydroxylase type a (DBH) and
monoamine oxidase type A (MAQ)} displayed a distinct
differential expression pattern. The neurotransmitter
synthesis-related genes, such as neuronal nicotinic
acetylcholine receptor «-7 subunit and f-adrenergic
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Figure 2 Semiquantitative RT-PCR for the genes obtained from
¢DNA libraries of favorable and unfavorable subsets of neuro-
blastoma. cDNA was synthesized from 16 RNA samples of each
subset and was used as a PCR template. All 16 tumors with the
favorable prognosis were in stage 1, no M YCN amplification and a
high expression of TRKA4, while the 16 tumors with the
unfavorable prognosis were in stage 3 or 4, exhibiting high MYCN
amplification and low TrkA expression. In this figure, the results of
the eight samples from each subset are shown. F, favorable, UF,
unfavorable

Table 3 Differentially expressed genes in neuroblastoma libraries

F library UF library

Unknown Known Unknown Known Total

F>UF 87 63 82 46 278
F=UF 684 234 274 345 1537
F<UF 17 1 g 1 27

Total 788 298 364 392 1842

receptor kinase 2 were also found. These differentially
expressed genes may reflect the biological status of a
favorable subset of NBL which is undergoing neuronal
cell growth, migration and differentiation. Interestingly,
we also found hematopoiesis-related or leukemia-related
genes, like MLLT4 (Trithorax homolog), MTG8-like
protein, MOZ and GATA-binding protein FOG2 as
differentially expressed genes.

As for the UF-subset-specific (F<UF) genes, only
two were reported genes. DDXI had been already
reported to be coamplified with MYCN gene in UF
neuroblastomas. hNLRR-! was a human homolog of
mouse neuronal leucine-rich repeat protein-1 gene whose
molecular function has not been clear (Taguchi et al.,
1996). This is the first report of hNLRR-I as a
predominantly expressed gene in unfavorable NBLs.
We have also found a new family member of ANLRR in
our cDNA libraries, which shows an expression pattern
opposite to that of ANLRR-1 (Hamano et al., under
preparation). Like Trk family receptors, ANLRR family
receptors may play an important role in regulating NBL
biology.

Chromosomal mapping of the differentially expressed
genes in NBL

To examine the correlation between the differential
expression in NBLs and chromosomal rearrangement or

Oncogena

epigenetic regulatory loci, we scarched for the physical
location of the differentially expressed genes by BLAT
search of the UC Santa Cruz genome database (http://
genome.ucsc. edu/goldenPath/hgTracks.html). Among
305 candidate genes with the differential expression, 299
independent genes were able to be mapped on chromo-
somal bands (Figure 3). Although we expected that the
majority of the differentially expressed genes might be
mapped on the regions already known to be the loci with
loss of heterozygosity (LOH) or amplification, the
results were diverse. More than 10% of the genes were
mapped on chromosomes 2 (38 genes) and 7 (35 genes).
There were some clusters of genes (F > UF) at the loci of
2q3L.1, 5q11.2, 6p22.3, 6q21, 7pl5.1, 7q21.11, 7q21.3,
7q31.1, 9q34.2, 11q13.4, 13q13.3, 15q21.1 and 22q12.2,
among which the regions of 2q31.1, 5q11.2 and 9q34.2
were notable. The chromosome 9q34-qter region has
been reported to display a high frequency of LOH by
Takita ef al. (1997), whereas the former two regions so
far have no evidence of high frequency of LOH. On
chromosome 9q34.2, three known (one of them was
DBH) and one novel gene with high expression in F type
NBL (F > UF) were mapped. The chromosomal loci at
1921-q25, 2p24 and 17q21-q25 have been reported as
the regions with amplification or gain of additional
chromosomal segments (Plantaz ef al., 1997; Bown et al.,
1999; Hirai et al., 1999). Two differentially expressed
genes (F<UF) were mapped to 17q23.2-q23.3 and
2p24.2-p24.3, but no such genes were mapped in the 1q
arm.

Molecular analysis of the identified genes

To confirm the reliability of our screening system, we
performed quantitative real-time RT-PCR of the
differentially expressed genes by using 116 primary
NBL samples. FOG-2/Nbla03139, one of those genes
(Figure 2 and Table 4), showed significantly higher
levels of mRNA expression in average in the tumors
with favorable prognosis than in those with unfavorable
prognosis, although their expression values ranged
widely (Figure 4). Seven NBLs with favorable pheno-
type (>300eu., Figure 4) exhibited markedly high
expression; however, we could not find any other specific
clinical characteristics for these cases. Svensson et al.
(1999) reported that FOG-2 expression was observed in
the heart, brain and testis of the adult mouse, and in the
neural epithelium, heart, urogenital ridge and gonad in
developing mouse embryo. We also investigated the
FOG-2 expression in the parasagittal section of the adult
mouse brain (7 weeks) and found that it was expressed
in a limited part such as dentate gyrus in hippocampal
formation (CA3-CA4) and granule cell layer in the
cerebelium (data not shown). Therefore, in addition to
the role in heart morphogenesis (Tevosian et al., 1999),
FOG-2 was suggested to play some role in the
developing neurons as well as in NBLs. Other
novel genes with differential expression between the
NBL subsets arc currently being subjected to similar
analyses.
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Nbla no. Homology search Category Chr. location
F>U Nbla-00022 Dihydropyrimidinase-related protein-1 (DRP-1) A 4pl6.1-15
Nbla-00030 Doublecortin A Xq22.3-q23
Nbla-00086 Small GTPase RAB6B (RAB6B) A 3q21q23
Nbla-00126 Homeotic regulator homolog MAB21 A
Nbla-00134 MTG8-like protein MTGR1b A 20q11.21q11.23
Nbla-00178 Arg/Abl-interacting protein ArgBP2a A 4q
Nbla-00185 Phosphatidylinosito! 3-kinase p45 subunit A
Nbla-00226 Mouse Hox 3.5 A
Nbla-00461 Dihydropyrimidinase-related protein-3 (DRP-3) A 5q32
Nbla-00483 WSB-1 A
Nbl2-00494 GTP-binding protein {rab 3C) A
Nbla-(0665 Adenylyl cyclase-associated protein homolog CAP2 A 6
Nbla-00697 Neurexophilin 1 {Nxph 1) A
Nbla-00715 Camk-2 mRNA for Ca?*fcalmodulin-dependent A
protein kinase II beta subunit
Nbla-00766 Neurconal nicotinic acetylcholine receptor alpha-7 subunit A 15q14
Nbla-00773 Trio A 5pl5.i-pld
Nbla-00856 Neuron-specific growth-associated protein SCG10 A
Nbla-02985 Dihydropyrimidinase-related protein-2 {(DRP-2) A 8p21
Nbla-03139 FOG-2 A 8
Nbla-03551 SPOP A 17
Nbla-03673 EWS A 22912
Nbla-03932 Beta-adrenergic receptor kinase 2 (beta-ARK2) A 22911
Nbla-0394% Stathmin-like-protein splice variant RB3 A
Nbla-10272 Protein kinase C zeta A 1p36.33-p36.2
Nbla-10314 PAK-interacting exchange factor beta A 13
Nbla-10919 Double cortin- and calmodulin kinase-like 1; DCAMKLLI A 13q13
Nbla-11211 Islet cell antigen ICA-512 (putative tyrosine phosphatase) A 2q35-q36.1
Nbla-12117 Trithorax homolog MLLT4 A 6q27
Nbla-12156 testis-specific cAMP-dependent protein kinase catalytic A 1p36.1
subunit (C-beta isoform) (PRKACEB)
Nbla-12173 Platelet-activating factor acetylhydrolase, isoform b, A 17p13.3
alpha subunit (PAFAH1BI1).
Nbla-12182 Protein phosphatase 1G (formerly 2C) A
Nbla-00015 Protein regulating cytokinesis 1 (PRC 1) Cls
Nbla-00453 PCTAIRE-2 for serine/threonine protein kinase C
Nbla-10634 Tyrosine phosphatase CDC25L C 20p13
Nbla-12080 CDC2L5 protein kinase C
Nbla-12196 bel-1 /PRAD/cyclin C t1pi3
Nbla-00002 Protocadherin gamma A8 short form D 5931
Nbla-00045 Laminin alpha4 D 6q21
Nbla-00120 Cadherin D 5q31
Nbla-00863 Fibronectin receptor beta subunit D 10p11.2
Nbla-03068 Peripherin (PRPH) D 12q12q13
Nbla-03361 Arp2/3 protein complex subunit pl6-Arc (ARCIE) D
Nbla-10522 Protocadherin alpha 9 (PCDH-alpha9) D 5q31
Nbla-11090 Dynein light-chain-A D 3
Nbla-00405 PHD Finger 1 (PHF1) E 6p21.3
Nbla-00407 RNA polymerase III largest subunit (hRRPCI55) E
Nbla-00505 Monocytic leukemia zinc-finger protein (MOZ) E $pll
Nbla-00534 CHD2 E 15926
Nbla-00554 AP-2 beta transcription factor E 6pl2
Nbla-00687 Top2 for DNA topoisomerase II E 3p24
Nbla-03444 Transcription elongation factor TFIIS-1. E Ip22-p21.3
Nbla-04244 ISL-1 {Islet-1) E 5q
Nbla-10317 CUTLI E 7q22
Nbla-10473 Androgen-induced prostate proliferative E
shutoff-associated protein (AS3)
Nbla-10516 TSC-22 E 13q14
Nbla-10805 CRE-BP1 transcription factor E 2q32
Nbla-11011 HSTAFII10 E 10q24-q25.2
Nbla-11047 Homeodomain protein (0G12) SHOX2 E 3q25-26.1
Nbla-11288 Bromodomain adjacent to zinc-finger domain, 2B (BAZ2B) E 2q23-q24
Nbla-11543 ZBP-89 zinc-finger protein 48 E 3g21
Nbla-11714 TCF4, transcription factor ITF-2 E 18q21.1
Nbla-11741 Chromodomain helicase DNA-binding protein, 4 (CHD4) E 12p13
Nbla-12052 HIRIP3 E 22q11
Nbla-12087 RNA helicase-related protein E
Nbla-12111 Zinc fingers and homeoboxes 1 (ZHX1}) E 8q
Nbla-11116 Chromosome-associated protein-E (hCAP-E) F 9
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Table 4 Continued

Nbla no. Hemology search Category Chr. location
F>U Nbla-00028 Cytosolic asparaginyl-tRNA synthetase G
Nbla-00132 Cytochrome 5561 G 17q11-qter
Nbla-00198 Dipeptidyl aminopeptidase-like protein G 7q
Nbla-00310 Polyubiquitin G 12q24
Nbla-00588 Vacuolar-type H{ + ) ATPase 115kDa’ subunit G 17921
Nbla-00727 Rattus norvegicus rexo70 - G
Nbla-03169 Rattus norvegicus rsecs G
Nbla-03296 Ubiquitin-conjugating enzyme UbcH?7 G 22q11.2q13.1
Nbla-03439 Guanine nucleotide-exchange protein (ARF-GEPI) G 8q13
Nbla-04240 Glutaminyl-tRNA synthetase G 3p21.3-p2i.1
Nbla-10139 Calumein {Calu) G Tq32
Nbla-10390 Apgl2 G 5q21-22
Nbla-10667 Homolog of yeast ubiquitin-protein ligase Rsp5 G 18q
Nbla-11270 Aczonin G 7q11.23-q22.1
Nbla-11674 SUMO-1-specific protease (SSP1) G 6qi3qld.3
Nbla-11768 Polyadenylate-binding protein G
Nbla-11836 ATP-dependent metalloprotease YME 1 L. G 10pl4
Nbla-12036 Solute carrier family 11 (proton-coupled G 2q32
divalent metal ion transporters)
Nbla-12123 Clk-associating RS-cyclophilin (CYP) G 2
Nbla-12177 HNOP56 G
Nbla-00065 K+ channel beta 2 subunit H 1p36.3
Nbla-00258 CIRP H 19p13.3
Nbla-00269 Dopamine beta-hydroxylase type a (DBH) H 9q34
Nbla-00664 GTP cyclohydrolase 1 H 14q22.1q22.2
Nblz-00775 UCP3 H 11q13
Nbla-03037 Cytoplasmic aminopeptidase P (APP) H 10g25.3
Nbla-03654 alpha-1-fucosidase H 1p34
Nbla-03664 K+ channel beta subunit H 3q26.1
Nbla-03819 Meoenoamine oxidase type A (MAO) H Xpil4-pll3
Nbla-03905 Chaperonin protein (Tcp20) H
Nbla-04104 Na,K-ATPase alpha-1 subunit H 1p13-pll
Nbla-10614 HUMHSF2 Human heat-shock factor 2 (HSF2) H 6pter—p25.1
Nbla-10934 Solute carrier family 25, SLC25A13 H Tq21.3
Nbla-120t1 HSP90 co-chaperone (progesterone receptor complex p23) H
Nbla-12192 Lactoylglutathione lyase H 6p2i.3-p2l.1
Nbla-12203 Vacuolar proton pump subunit 1{clathrin-coated H
vesicle/synaptic vesicle proton pump 116kDa subunit)
Nbla-00495 Pescadillo I 22q12.1
Nbla-02902 Erythroblast macrophage protein EMP I
Nbia-03824 Imidazoline receptor antisera-selected protein I
Nbla-04263 Butyrophilin (BTF4) I 6p
Nbla-10394 Amyloid precursor-like protein 1 I 19gq13.1
Nbla-10842 NIPSNAP1 1 22q12.2
Nbla-11694 AFlq I 1921
F<U Nbla-03566 DDX1 G 2p24
Nbla-10449 NLRR-! leucine-rich-repeat protein D 3p

Category: A =cell signaling, B=cytokine, growth factor, hormones, C=cell cycle, D =cell structure, adhesion, movement, E = transcription,
F =DNA replication, DNA repair, DNA synthesis, G = protein synthesis, process, transport, turn over, H = homeostasis, heat-shock protein,
metabolic enzymes, I =others, unknown

Discussion

For understanding the molecular basis of neuroblasto-
ma, accumulation and collection of a large number of
genes, which may be involved in the neural crest
development, neuronal cell growth, differentiation and
programmed cell death, is very useful. The recent
progress of the Human Genome Project has enabled
us to take such an approach in the field of cancer
research.

In this study, we generated oligo-capping ¢DNA
libraries from the primary NBL subsets with different
clinicobiological characteristics' to clone randomly the

Oncogene

cDNAs expressed. Qur extensive screening for the
differentially expressed genes between F and UF subsets
of NBL has identified at least 305 such genes, including
194 novel genes with unknown function.

Neuroblastoma cDNA libraries

We have identified the genes with an unknown function
in nearly half (40%) of the total 4654 clones from the
c¢DNA librarics we generated, which correspond to 1152
independent novel genes. The expression profile of each
library seemed to be quite different supposed from the
expression pattern of the known genes. The UF library
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Figure 3 Chromosomal location of the genes differentially expressed between the F- and UF-NBL subsets. Arrowheads facing left show the
genes preferentially expressed in favorable NBLs, and those facing right show the genes preferentially expressed in unfavorable NBLs

showed a profile of enhanced protein synthesis, and also
a high frequency of DDX-1 gene. However, we have
found that neither MYCN nor TRKA genes in the clones
sequenced. Some of the explanations are that the
c¢DNAs with the specific sequences such as GC-rich
regions may be difficult to clone in our oligo-capping
cloning system due to an unknown reason and that some
genes with GC-rich sequences cannot be DNA se-
quenced. We indeed missed 411 cDNAs due to
impossible sequencing.

The lineup of known genes in the F and UF libraries,
especially of abundantly expressed genes, indicated that
NBLs had a typical pattern of neuronal gene expression
profiles. Bodymap (http://bodymap.ims.u-tokyo.ac.jp/)
is a human gene expression database, collecting quanti-
tative and qualitative information on gene expression in
various tissues or cell types (Okubo er al., 1992). It
utilized a neuroblastoma cell line CHP134 (with MYCN
amplification) as a source of neuronal gene expression.
In this map, the expression of 14-3-3 epsilon and N-
cadherin was also shown to be neuron-specific. However,
our present study has added a large number of neuronal

genes, including P311 and SCG10 as well as many novel
genes.

Screening of the differentially expressed genes

For screening the differentially expressed genes, the
methods such as differential display-PCR and serial
analysis of gene expression (SAGE) have been applied
(McClelland et al., 1995; Velculescu er al., 2000). These
techniques are advantageous because of high through-
put and low cost. However, the cloned materials and
obtained sequences are very short in length so that it is
difficult to obtain a full-length cDNA that is ready for
functional analysis. Since our final goal is to identify the
important genes expressed differentially between the
different subsets of NBL and to clarify their function,
we have decided to introduce the method to clone
directly as many genes as possible from the cDNA
libraries constructed from the primary NBLs. In
addition, we have performed semi-quantitative RT-
PCR to screen for the differentially expressed genes by
using 16 F and 16 UF primary NBL samples. Our

5533

Oncogene



Differential screening of neuroblastoma ¢DNA libraries

M Qhira et a/
5534
5 W
8 o
[}
E_ e
€3
C o
o ¥ 500
400
g3 ™ i
g ° il
2 200 ghiT
g 100 i I‘M
2 R
it ML R
0
Favorable NBL (63 cases) Unfavorable NBLs (53 cases)
1358 2220 544 48T * Mean 3 SE

L 1
p=0.0016

Figure 4 Characterization of the Nbla03139{FOG-2 gene. Expres-
sion analysis of the FOG-2 gene in 116 primary NBL samples using
quantitative real-time RT-PCR. A total of 63 favorable and 53
unfavorable NBLs were analysed. The wertical axis shows
expression units relative to the value of GAPDH expression. The
mean values of the expression level in favorable and unfavorable
NBLs are shown at the bottom of the graph

present approach is neither high throughput nor low
cost, but the results are consistent. As a result, we have
identified 305 independent genes expressed differentially
between F and UF subsets, which is a huge number that
has so far not been reported. All these genes can be good
candidates of new biological and prognestic markers of
NBL. Detailed analyses of several differentially ex-
pressed genes from this point of view will be described
elsewhere (Kawamoto et al., 2003). The genes related to
catecholamine metabolism such as DBH and MAO may
also become new prognostic indicators. The down-
regulation of their expression in the UF tumors seems to
support the previously proposed hypothesis that the
advanced NBLs with MYCN amplification are dopami-
nergic with the blockade of a metabolic process from
dopamine to noradrenaline (Nakagawara er al., 1988,
1990). Transcription factors and their regulators, such
as homeodomain-containing transcription factors and
chromatin-modifying molecules, are also important for
understanding the biology of NBL subsets. Many other
genes that are regulated by those molecules may also be
included in the differentially expressed genes.

Differential RT-PCR analysis of methylation- and
acetylation-related genes

Our results have shown that the number of genes
expressed at high levels in the F subset is about 10 times
larger than that in the UF subset (278 vs 27 genes). The
following three explanations can be given for this.
Firstly, we have used GAPDH expression as a control to
adjust and standardize cDNA concentration of F and
UF samples because most of the papers so far published
have utilized GAPDH as a standard. In this case, there
occurs a possibility that the relatively high levels of
GAPDH expression is indicated in the UF samples,
giving the relatively decreased values of cDNA expres-
sion. However, we have used another control gene g-
actin that has given a result similar to GAPDH.

Oncogene

Secondly, Boon et al. (2001) have reported that the
overexpression of MYCN induces the expression of a
large set of genes, which involves those related to
ribosome biogenesis and protein synthesis. In our study,
those genes are also frequently found in the UF library,
but they have been excluded from our further study.
Thirdly, the yet unknown mechanisms regulating the
gene expression may be present between the two subsets.
For example, the epigenetic regulation, including
chromosomal methylation or histone acetylation, could
be present. Therefore, in the preliminary study, we have
examined whether or not the genes regulating DNA
methylation or histone acetylation are differentially
expressed between F and UF subsets of NBL. However,
none of the methylation-related genes (DNMTI,23,
MBDI1,2,34 and MeCP2) have displayed differential
expression (Furuya et al., unpublished data). On the
other hand, some members of histone acetylation-
related genes (CBP and HATI) have shown a pattern
of differential expression to a certain extent, suggesting
the presence of different epigenetic regulation in the
gene expression between the subsets (Furuya et al, in
preparation). Several recent reports have shown that the
epigenetically regulated genes in cancers and other
hereditary diseases often cluster in continuous regions
(Mitsuya et al., 1999; Okutsu et al., 2000; Ono et ai.,
2001). In our present data, some clusters of the F>UF
genes have been found in chromosomes 2, 5, 6, 7, 9, 11,
13, 15 and 22, suggesting the existence of the epigeneti-
cally regulated chromosomal loci in NBLs,

In conclusion, our NBL ¢DNA project has provided
us with 2313 known genes and 1799 novel genes with an
unknown function, among which 111 known and 194
novel genes are differentially expressed between F and
UF subsets of NBL. This huge number of c¢cDNA
resources may become an important tool to unveil the
molecular mechanism of the enigmatic clinical behavior
of NBL, as well as to develop new diagnostic and
therapeutic strategics against the aggressive tumors in
the future. We are currently expanding this ¢cDNA
project to the stage 45 NBL and applying the clones to
the cDNA microarray system.

Materials and methods

Tissues and cell lines

Fresh, frozen tumor tissues were sent to the Division of
Biochemistry, Chiba Cancer Center Research Institute, from
various hospitals in Japan. The tumors were staged according
to the International Neuroblastoma Staging System. (stages 1
and 2, localized neuroblastomas; stages 3 and 4, locally and
regionally growing and distantly metastatic neuroblastomas;
and stage 4s, neuroblastomas in children under 1 year of age,
with metastases restricted to the skin, liver and bone marrow,
usually regressing spontaneously) (Brodeur et al., 1993). In
Japan, a mass screening program for infants at the age of 6
months has been performed since 1984. Patients found by this
screening have been mostly classified into the early stage of the
disease, although a small proportion had unfavorable prog-
noses (Sawada et al, 1984). A total of 116 neuroblastoma
samples (39 were classified as being stage 1, 18 as stage 2, 11 as



stage 3, 42 as stage 4 and six as stage 4s) containing 61 patients
found by mass screening were used in this study. The informed
consents were obtained in each institution or hospital. The
tumors were divided into two subsets, one with a favorable
prognosis and the other with an unfavorable prognosis,
according to the clinical and biological markers (Seeger er al.,
1985; Bartram and Berthold, 1987; Nakagawara et al., 1987,
1992, 1993; Slavc et al., 1990; Look et al., 1991; Brodeur et al.,
1993). High molecular weight DNA and total RNA of these
samples were prepared as described previgusly (Ichimiya et al.,
1999).

c¢DNA library construction

Oligo-capping cDNA libraries (Maruyama and Sugano, 1994;
Suzuki et al., 1997) were constructed from the mixture of
three-stage 1 NBL frozen tissues with a single copy of MYCN
(favorable subset) and from that of three NBL frozen tissues in
stages 3 and 4 with M YCN amplification (unfavorable subset).
They were approved by the institutional review board.

Sequencing and classification of ¢cDNA clones

Independent clones from two subsets of libraries were
randomly picked up and sequenced from both ends. The end
sequences of 2410 clones obtained from the favorable NBL
library and those of 2244 clones from the unfavorable NBL
library were then homology searched against public databases
(Genbank release 122, January 2001) using Cybergate
sequence classification system (Dynacom Inc.) and bundled
into gene clusters by assembling sequences. The end sequences
that included a novel sequence were submitted to DDBI/
GenBank nucleotide database (Accession no. AU252405-
AU254042).

Differential screening of the genes by semiquantitative RT-PCR

Typical 16 samples from each NBL subset were selected as
PCR templates to screen for the differentially expressed genes.
All 16 tumors with the faverable biology were defined as stage
1 NBLs with no MYCN amplification, but with a high
expression of TrkA. The 16 tumors with unfavorable biology
were in stage 3 or 4, exhibiting M YCN amplification and low
TrkA expression. The differential expression of the genes
between the NBL subsets was confirmed at least twice using
semiquantitative RT-PCR. The individual gene-specific PCR
primer sequences were determined by using Primer3 program
{provided at Washington University). For cDNA templates,
Sug of total RNA was converted into ¢cDNA using random
primers {Takara, Otsu, Japan} with SuperScript II RNaseH-
reverse transcriptase {Gibco BRL, Rockville, MD, USA).
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Post-translational modifications play a crucial role in
regulation of the protein stability and pro-apoptotic
function of p53 as well as its close relative p73. Using a
yeast two-hybrid screening based on the Sos recruit-
ment system, we identified protein kinase A catalytic
subunit g (PKA-Cp) as a novel binding partner of p73.
Co-immunoprecipitation and glutathione S-transferase
pull-down assays revealed that p73a associated with
PEKA-CB in mammalian cells and that their interaction
was mediated by both the N- and C-terminal regions of
p73a. In contrast, p53 failed to bind to PEA-CB. I’ vitro
phosphorylation assay demonstrated that glutathione
S-transferase-p73a-(1~-130), which has one putative PKA
phosphorylation site, was phosphorylated by PKA. En-
forced expression of PKA-CB resulted in significant in-
hibition of the transactivation function and pre-apo-
ptotic activity of p73a, whereas a kinase-deficient
mutant of PEA-CS had no detectable effect. Consistent
with this notion, treatment with H-89 (an ATP analog
that functions as a PEA inhibitor) reversed the dibu-
tyryl cAMP-mediated inhibition of p73«. Of particular
interest, PEA-Cg facilitated the intramolecular interac-
tion of p73a, thereby masking the N-terminal trans-
activation domain with the C-terminal inhibitory do-
main. Thus, our findings indicate a PKA-CB-mediated
inhibitory meéchanism of p73 function.

p73 has been identified as a structural and functional hom-
olog of the tumor suppressor p53 (1). p53 and p73 share the
same domain organization, consisting of an N-terminal trans-
activation domain, a central sequénce-specific DNA-binding
domain, and a C-terminal oligomerization domain. As ex-
pected, several pieces of evidence suggest that p73 can bind to
the p53-responsive element and transactivate an overlapping
set of p53 target genes, thus leading to induction of G,/S eell
cycle arrest and apoptosis (1-6). In marked contrast to p53, p73
is expressed as multiple isoforms arising from alternative splic-
ing of the primary p73 transcnpt (p73a, p738, p73, p735, p73¢,
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p73n, and 'p73{} termed the TA variant (1, 3, 7-9). These
alternatively spliced isoforms vary in their C termini snd dis-
play different transcriptional and biological properues Addi-
tionally, the AN variant (ANp73¢ and ANp738), which is gen-
erated by alternative promoter utilization, lacks ‘the
N-terminal transactivation domain and exhibits dominant-
negative behavior toward wild-type p73 as well as p53 (10-12).
Recently, we (14) and others (13, 15) demonstrated that p73
directly transactivates the expression of its own negative reg-
ulator (ANp73), creating an autoregulatory feedback loop in
which both the activity of p73 and the expression of ANp73 are
regulated. Thus, the pro-apoptotic activity of p73 is determined
by the relative expression levels of ifs TAp73 and dommant—
negative ANp73 variants in cells.

In sharp contrast to p53, it was initially reported that p73
was not induced by DNA damage (1). However, recent studies
demonstrated that, in response to a subset of DNA-damaging
agents, p73 is positively regulated by multiple post-transla-
tional modifications, including phosphorylation and acetyla-
tion, During cisplatin-mediated apoptesis, phosphorylation of
P73 at Tyr-99 by the non-receptor tyrosine kinase c-Abl resulis
in an increase in its stability and pro-apoptotic activity (16—
18). In addition to c-Abl, the protein kinase C3 catalytic frag-
ment has the ability to phospherylate p73 at Ser-289 and
contnbutes to the accumulation of p73 during the apoptotic
response to gisplatin treatment (19). It is worth noting that the
physical and functional intéraction between c-Abl and protein
kinase Céleads to the cross-activation of their kinase functions
(20, 21). Furthermore, the enzymatic activity of Chkl (check-
point kinase-1) is enhanced in response to DNA damage (22—
24), and Chk1:has the ability to phosphorylate p73 at Ser-47
upon DNA damage, thereby enhancing its transactivation abil-
ity and pro-apoptotic activity without affecting the level of total
p73 protein, whereas Chk2 has no detectable effect on p73 (25).
Alternatively, Zeng et ol. (26) found that the acetyltransferase
p300/CBP (cAMP- -responsive elemq’nt—bmdmg protein-binding
protein) interdcts with the N-termtinal region of p73 and stim-
ulates p73-mediated transcriptional activation and apoptosis.
Recently, Costanzo et al. (27) reported that doxorubicin treat-
ment induces the (300-mediated acetylation of p73 at Lys-321,
Lys-327, and Lys-331'in a ‘c-Abl-dependent’ nianner,‘ which is
associated with the efficient recruitment of p73 to the promoter
of the apoptotic target gene p53AIF1. Addmona]]y, *t has been
shown that p300-mediated acetylation of p73 results in its
significant stabilization in a prolyl i 1somerase Pml ependent
manner (28).

To identify cellular protein(s) that could intiaract with full-
length p78a and regulate its function, we screened a human
fetal brain ¢DNA library using a yeast two-hybrid method
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based on the Sos recruitment system. We report here that
protein kinase A catalytic subunit 8 (PKA-CB)! bound to p73a
in cells, but not to p53, and that their interaction was mediated
by the N- and C-terminal regions of p73a. In vitro kinase
assays revealed that the catalytic subunit of PKA phosphoryl-
ated p73a. PKA-CB inhibited the p73a-mediated transcrip-
tional activation of the p21"4* and Bax promoters and p73a-
dependent apoptosis in response to camptothecin, On the other
hand, the kinase-deficient mutant of PKA-C8 had little effect
on p73a. Of note, we found that PKA-C8 facilitated the in-
tramolecular interaction of p73a. Our results strongly suggest
the PKA-Cp-mediated phosphorylation and intramolecular in-
teraction of p73 to be a novel inhibitory mechanism of p73

function. .
EXPERIMENTAL PROCEDURES

Cell Culture and Cell Lines—SV40-transformed African green mon-
key kidney cells (COS-7) were grown in Dulbecco’s modified Eagle’s
medivm supplemented with 10% heat-incubated fetal bovine serum
(Invitrogen), 100 JU/ml penicillin, and 100 pg/ml streptomycin. p53-
deficient buman Jung carcinoma H1299 cells were maintained in RPMI
1640 medium supplemented with 10% heat-incubated fetal bovine se-
rum and antibictic mixture. The cells were cultured at 37°C jn a
water-gaturated atmosphere of 95% air and 5% CO,.

Transient Transfection—COS-T cells grown to 50-70% confluence in
60-mm dishes were transfected with the indicated expression plasmids
using FuGENE 6 transfection reagent (Roche Applied Science) follow-
ing the protocol recommended by the manufacturer, H1299 cells trans-
fection was performed using Lipofectamine 2000 transfection reagent
(Invitrogen) according to the manufacturer’s instructions.

Yeast Two-hybrid Screening—The CytoTrap two-hybrid system was
purchased from Stratagene (La Jolla, CA). The cDNA encoding the
full-length open reading frame of human p73a was amplified by PCR
using pcDNAZ-p73e« as template. The PCR product, which was pro-
duced by additional vpstream 5'-BamHI and downstream 3'-Sall re-
striction sites, was digested completely with BamHI and Sall; purified
on agarose gel; and directly inserted in-frame into the identical restric-
tion sites of pSos to give pSos-p73a. The resulting pSos-p73a“bait”
plasmid was used to identify the cDNA encoding the p73c-binding
protein from a human fetal brain ¢cDNA library cloned inte the pMyr
plasmid (Stratagene). The screening was carried out according to the
manufacturer’s instructions. Briefly, a temperature-sensitive yeast
strain (cdc25Ha«) was cotransformed with pSos-p73a and the ¢DNA
library using the lithium acetate/heat shock procedure as described
previously (29). Transformants were allowed to grow on selection me-
dium containing glucose for 2 days at 25 *C and then transferred onto
selection medium containing galactose. Plasmid DNAs were isolated
from the colonies exhibiting galactose-dependent growth at 37 *C and
transformed into Escherichia coli. Finally, the nucleotide sequences of
the positive cDNA clones were determined by the dideoxy terminator
cycle sequencing using an ABI automated DNA sequencer (Applied
Biosystems, Foster City, CA).

Western Blot Analysis—Transfected cells were washed twice with
phosphate-buffered saline (PBS) and lysed in ice-cold lysis buffer A (25
mM Tris-Cl (pH 7.5), 137 mu NaCl, 2.7 ram KC, and 1% Triton X-100)
containing protease inhibitor mixture (Sigma). After a brief sonication,
whole cell lysates were centrifuged at 15,000 rpm for 10 min at 4 °C to
remove insoluble materials, and the protein concentrations of the su-
pernatants were determined using the Bio-Rad protein assay reagent.
Protein samples were boiled in SDS sample buffer for 5 min, resolved by
10% SDS-PAGE, and transferred onto Immobilon-P membranes (Milli-
pore, Bedford, MA). The membranes were blocked overnight with 50
mM Tris-Cl {pH 7.6), 100 my NaCl, and 0.1% Tween 20 containing 5%
nonfat dry milk and then incubated at room temperature for 1 h with
anti-FLAG monoclonal antibody (M2, Sigma), anti-green fluorescence
protein (GFP) monoctonal antibody (1E4, Medical and Biological Labo-
ratories, Nagoya, Japan), enti-p53 monoclonal antibedy {(DO-1, Oneo-
gene Research Products, Cambridge, MA), anti-p73 monoclonal anti-
body (Ab-4, NeoMarkers, Inc., Fremont, CA), anti-p21¥AF! monoclonal
antibody (Ab-1, Oncogene Research Products), anti-PKA-Ca polyclonal

* The abbreviations used are: PKA-C, protein kinase A catalytic sub-
unit; PBS, phosphate-buffered saline; GFP, green fluorescence protein;
GST, glutathione S-transferase; HA, hemagglutinin; ChIP, chromatin
immunoprecipitation; Bt,cAMP, dibutyryl cAMP., - )
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antibody (C-20, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), or
anti-PKA-C8 polyclonal antibody (C-20, Santa Cruz Biotechnology,
Ine.), followed by incubation with the corresponding horseradish perox-
idase-conjugated secondary antibodies (Jackson ImmunoResearch Lab-
cratories, Inc., West Grove, PA). Following the last wash, horseradish
peroxidase-labeled antibodies were detected using an enhanced chemi-
luminescence detection system (ECL, Amersham Biosciences) accord-
ing to the manufacturer’s instructions.

Immunoprecipitation and Pull-down Assay—For immunoprecipita-
tion, cell lysates were prepared in lysis buffer A. Equal amounts of
protein extracts were pre-absorbed with protein G-Sepharose beads
{(Amersham Biosciences) for 1 h at 4 °C, and the precleared lysates were
incubated with the indicated antibodies for 2 h at 4 °C, followed by
incubation with protein G-Sepharose beads for an additional 1 hat 4 °C.
The immune complexes were then washed threas times with lysis buffer
A, eluted by boiling in SDS sample buffer for 5 min, and subjected to
Western blot analysis. For glutathione S-transferase (GST) pull-down
assays, GST alone or the indicated GST-p73a fusion proteins were
expressed in E. coli strain DH5« and loaded onto glutathione-Sepha-
rose 4B beads (Amersham Biosciences). PKA-CB was generated in vitro
in the presence of [**S]methionine using the TNT quick-coupled in vitro
transcription/translation system (Promega Corp., Madison, WI) accord-
ing to the manufacturer’s instructions. 3°S-Labeled PKA-CB was incu-
bated with GST or GST-p73« fusion proteins bound to glutathione-
Sepharose beads for 2 h at 4°C in a total volume of 400 1 of binding
buffer (50 mM Tris-Cl (pH 7.5), 150 my NaCl, and 0.1% Nonidet P40).
Beads were washed extensively with the same buffer, and the radiola-
beled proteing were eluted by boiling in SDS sample buffer for § min.
Fallowing electrophoresis, gels were destained, dried, and exposed to an
x-ray film with an intensifying screen at —80 °C.

Cell Fractionation—Transfected COS-T cells were fractionated into
nuclear and cytoplasmic fractions as described previously (30). In brief,
cells were washed twice with ice-cold Ix PBS and lysed in lysis buffer
B containing 10 mM Tris-Cl (pH 7.5), 1 mm EDTA, 0.5% Nonidet P40,
and protease inhibitor mixture for 30 min at £ *C. Cell lysates were
centrifuged at 15,000 rpm for 10 min at 4 °C to separate soluble (cyto-
plasmic) from insoluble (nuclear) fractions. The pellets were washed
extensively with lysis buffer B and further dissolved in 1x SDS sample
buffer. The nuclear and cytoplasmic fractions were analyzed by immu-
noblotting with anti-lamin B monoclonal antibedy (Ab-1, Oncogene
Research Products) or with anti-a-tubulin monoclonal antibody (Ab-2,
NeoMarkers, Inc.).

Immunofluorescence Microscopy—H1299 cells were grown on cover-
slips and transiently cotransfected with the expression plasmids for
hemagglutinin (HA)-p73a and FLAG-PKA-CB. Forty-eight hours after
transfection, cells were fixed with 3.7% formaldehyde in PBS for 30 min
at room temperature and permeabilized with 0.2% Triton X-100 for §
min. Nonspecific binding sites were blocked by treating cells with PBS
containing 3% bovine serum albumin. The cells were incubated with
anti-HA polyclonal and anti-FLAG monoclonal antibodies for 1 b, fol-
lowed by incubation with fluorescein isothiocyanate- and rhodamine-
conjugated secondary antibodies (Invitrogen). The coverslips were
washed with PBS, mounted onto slides, and observed under a Fluoview
laser scanning confocal microseope (Olympus, Tokyo, Japan).

Luciferase Reporter Assay—p53-deficient H1299 cells (5 X 16* cells
in & 12-well plate) were transiently cotransfected with a constant
amount of the indicated expression plasmid (HA-p73«, HA-p738, or
p53), a p53/p73-responsive luciferase reporter construct (p217A¥! or
bax), and pRL-TK encoding Renilla Iuciferase with or without increas-
ing amounts of the expression plasmid for FLAG-PKA-CB. The total
amount of DNA was kept constant (510 ng) with pcDNA3 per transfec-
tion. Forty-eight hours after transfection, cells were lysed and assayed
for Juciferase activity using the Dual-Luciferase reporter assay system
(Promega Corp.) according to the manufacturers recommendations.
The transfection efficiency was normalized based on pRL-TK reporter
activity. T

Reverse Transcription-PCR—H1299 cells were transiently cotrans-
fected with the indicated combinations of expression plasmids. Twenty-
four hours after transfection, total RNA was prepared using an RNeasy
mini kit (Qiagen Inc.) according to the manufacturer’s protocol. One
microgram of total RNA was used to synthesize the first-strand cDNA
using random primers and SuperScript II reverse transcriptase (In-
vitrogen). Reverse transcription was carried out at 42 °C for 90 min,
and reverse transcripts were amplified by standard PCR with rTaq
DNA polymerase (Takara, Ohtsu, Japan). The primers used for PCR
were a5 follows: p21"47, 5. ATGAAATTCACCCCCTTTCC-3’ (sense)
and §'-CCCTAGGCTGTGCTCACTTC-3 (antisense); and glyceralde-

"hyde-3-phosphate dehydrogenase, 5-ACCTGACCTGCCGTCTAGAA-3”
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Fi6. 1. Interaction between p73 and PEA-C$ in mammalian cultured cells. A, p73« forms a complex with PKA-CB in COS-7 cells, Whole
cell lysates prepared from COS-7 cells transiently cotransfected with the indicated combinations of expression plasmids were immunoprecipitated
(IP) with anti-FLAG or anti-HA monoclonal antibody. Immunoprecipitates were analyzed by immunoblotting (/B) with anti-HA (first panel) or
anti-FLAG (second panel) moneclonal antibody. Whole cell lysates were immunoblotted with anti-HA (third panel) or anti-FLAG {(fourth panel}
monoclonal antibody to show the expression of HA-p73x or FLAG-PEA-CB, respectively. B, p73a binds to endogenens PKA-C in COS-7 cells. COS-7
¢eclls were transiently transfected with the expression plasmid for FLAG-p73a. Forty-eight hours after transfection, whele cell lysates were
prepared and subjected to immunoprecipitation with anti-PKA-CB (left panels) or anti-PKA-Cx (right panels) polyclonal antibody. Immunopre-

- ¢ipitation with normal rabbit serum (NRS) was used ag a negative control. After immunoprecipitation, coprecipitating FLAG-p73c was detected
by immunoblotting with anti-FLAG monoclonal antibedy. C, PKA-CB does not bind to endogencus p53. COS-7 cells were transiently transfected
with the empty control plasmid or with the expression plasmid encoding FLAG-PKA-CB. Forty-eight hours post-transfection, whole cell lysates
were prepared and subjected to immunoprecipitation with anti-p53 monoclonal antibody or normal mouse serum (NMS), followed by immuno-
blotting with anti-p53 (upper panel} or anti-FLAG (lower panel) monoclonal antibody. D, subcellular localization of exogenous and endogenous
PKA-CB. p53-deficient H1299 cells were transiently cotransfected with the expression plasmids for HA-p73« and FLAG-PEA-CB (first through
third panels). Forty-eight hours after transfection, transfected cells were fractionated into nuclear (N) and cytoplasmic (C) fractions as described
under “Experimental Procedures.” Each fraction was adjusted to an equal volume, and the aliquots of these fractions were separated by 10%
SDS-PAGE, followed by immunoblotting with the indicated antibodies. These fractions were analyzed for lamin B (fourth panel) and o-tubulin
(fiftk panel) to show the validity of our fractionation technique. E, nuclear co-localization of p73 and PKA-CB. H1299 cella plated on coverslips were
cotransfected with the expression plasmids for HA-p73a and FLAG-PKA-CP and processed for immunocytochemical detection using anti-HA and
anti-FLAG antibodies. The merged image shows the nueclear co-localization of p73« and PKA-CB. .

" (sense) and 5-TCCACCACCCTGTTGCTGTA-3' (antisense). PCR prod-  teins bound to glutathione-Sepharose beads were washed three times
ucts were separated by 1.5% agarose gel electrophoresis and stained  with kinase buffer (20 mm Tris-Cl (pH 7.5), 100 mu NaCl, and 12 mm
with ethidium bromide. MgCl,). The washed beads were incubated with 30 pl of kinase buffer

In Vitro Kinase Assays—GST or the indicated GST-p73« fusion pro-  containing 2 units of purified PKA catalytic subunit (Sigma), 2 mM



